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Convective Clouds over the Bay of Bengal

PAQUITA ZUIDEMA

NOAAEnvironmentalTechnology Laboratory, Boulder, Colorado

ABSTRACT

Thebehavior of convectiveactivity over theBayof Bengal during the1988and1999monsoonseasons
is examinedusing3-hourly satelliteinfrareddata.More organizedconvective activity, spreadingfarther
southinto theBay, occurredin the1988 thanin 1999. A distinctspatialgroupingof convectivesystemsby
sizeis found. Theeastsideof theBayexperiencesmostof therainfall overwater, andheretheconvective
systemsarerelatively small, short-lived, andfrequent. At the northwestsideof the Bay nearmostof
the land-basedrainfall, convective activity is organizedinto muchlargerandlonger-livedsystems.The
diurnal cycle of all thesystemsover theBay, regardlessof size,shows a 6 A.M. local time maximum in
very cold cloudtops(infraredbrightnesstemperature � 210K), with genesis occurring between9 P.M.
and3A.M. (9P.M. for thelarger, longer-livedsystems).Thecloudsystemsdissipateaftersunrise,with the
largersystemslastinguntil theafternoon. Theland-waterinterfaceis importantfor theconvectiongenesis
and therebyaffects the spatialdistribution of convection. Offshorenocturnal convection begins near
shore, with laterconvectionoccurring farther outover theBay andattaininga largersize.Thepreference
for nocturnal initiation timesdiffersmarkedly from theafternoon initiation timestypical of the tropical
westernPacificocean,but thetimeof maximum cloudareaextentanddissipationaresimilar. Thestrength
of thediurnalcyclevariesgreatlywith location,with thenorthwestsideof theBayexperiencingboththe
highest amount of very cold cloudinessand the strongest diurnal cycle. The Joint Air-SeaMonsoon
InteractionExperiment (JASMINE) researchcruiseexperiencedthe only multi-day sequenceof large,
diurnally-repeating,southward-moving disturbancesat 89 � E 11� N in the two yearsexamined,but both
theconvective diurnal cycle andpropagationdirectionwereconsistentwith climatology. An interesting
aspectof theconvective lifecycle is thatsystemsoftenhaveasouthwardcomponentto theirmotion, with
themostcommon propagationdirection over theentireBay beingto thesouthwest.This canoccureven
whenthelargerscalemovementis towardsthenorthwest(suchasis typical for cyclonesat thenorthern
endof theBay).

——————–

1. Introduction

TheBay of Bengalin northern summeris thesite of
thehighestmeanprecipitation of theentireAsianmon-
soonregion andperhaps of the global oceans. The co-
piousrainfall aloneis consequential for humanendeav-
ors,andtheaccompanying latentheatinghelpsdrive the
Asianmonsoonalcirculation. Despitetheimportanceof
theBayof Bengaltobothweatherandclimate,theregion
is poorly sampledandresearched (Webster2002). The
dynamics andconvection of the Bay of Bengal(andof
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theentireAsianmonsoon)is poorly simulatedin models
(e.g.Spencer andPalmer1996), andthepoorsampling
furtherhamperseffortsatmodel validation andimprove-
ment.

The call for researchactivity in the Bay of Bengal
motivatedits choicefor boththeJointAir-SeaMonsoon
Interaction Experiment(JASMINE; Webster2002; Web-
steret al. 2002), carriedout in May-June 1999 andthe
Bay of BengalMonsoon Experiment (Bhatet al. 2001),
heldJuly-August 1999. JASMINE setout to document
theintraseasonalvariability of theAsianmonsoon (with
the onsetof the monsoon beingunderstoodas the first
intraseasonal oscillationof the monsoon season).Both
quiescent anddisturbed conditionsweresampled.
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FIG. 1. Meanrainfall in mm/hourfor May-September 1999

usingthe TRMM 3B43 parameter, a merging of TRMM Pre-
cipitationRadarandMicrowave Imagerdatawith infrareddata
from geosynchronous satellitesandrain gaugedataover land.
SeeAdler et al. (2000) for moreexplanation.

During the secondintensive observing periodoccur-
ring from May 21-26 (“Star 2”) large ( � 40,000 km

�
),

long-lived (1-2 day), nocturnal disturbancespropagated
duesouthward over the R/V RonBrown (89 � E, 11� N).
Two of thesedisturbancesarerepresentedin Fig. 3band
Fig. 3d (more explanation on the figure is provided in
Section2). Large southward-propagating disturbances
at this locationhavereceivedlittle if any previousdocu-
mentation.

This paperis in part an attemptto placethe activ-
ity observed during JASMINE within a larger context.
Weseekto answerthefollowing questions:How ubiqui-
tousarelargesouthwardpropagatingstormsin theBay
of Bengal? Are they a regular feature of monsoonal
weather? Was their observed diurnal variability typi-
cal? A comprehensive satellitesurvey of convective ac-
tivity within theBay of Bengalis not yet availablewith
which to answerthesequestions. What is known, how-
ever, points to a complicated climatology that is nei-
therarchetypically oceanic norcontinental. Resultsfrom
otherregions,suchasthewesternPacificwarmpool,will
notnecessarilyapplyto theBay of Bengal.

Many independentdatasetsdocument a high degree
of convective activity within theBay of Bengal.Dataset
examplesinclude highly reflectivecloud(Grossmanand
Garcia1990), satellitemicrowave (Spencer 1993), out-
goinglongwaveradiation (RocaandRamanathan2000),
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FIG. 2. All 6-hourly reportsof cyclonesbetweenMay and
Septemberof 1971-2000, as reportedby the Joint Typhoon
WarningCenterat Guam.

TRMM1 PrecipitationRadarstorm heights (Short and
Nakamura 2000), and satellite lightning detection2

(Toracinta and Zipser 2001). Perhapsthe best direct
rainfall measureis providedby theTRMM satelliteMi-
crowave Imagerand PrecipitationRadardata, merged
with geosynchronous satellite infrared data and land-
basedrain gaugedata(Adler et al. 2000). Theestimated
meanrainfall rate for May-September1999 using this
datasetis shown in Fig. 1 for the Bay of Bengal. The
meanrainfall ratewasthehighestover theBay of Ben-
galof anywhereover theglobefor this time period.

Figure1 shows that the rainfall wasmostly concen-
tratedin theeast-northeastsideof theBay. Most of the
rainfall takesplaceover waterbut favorsbeingcloseto
land. This locationalpreferenceis alsoseenin a 1979-
1991satellitemicrowave rainfall climatology(Spencer
1993) and in a spatialdistribution of infrared-inferred
cold cloud tops(RocaandRamanathan 2000, Fig. 2).
TRMM-identified precipitation featureswith ice scatter-
ing arealsomorenumerouson theeastsideof theBay
than the west (Steve Nesbitt, personal communication;
seeNesbittandZipser2000, for moreexplanation).

While mostof the rainfall occurson the eastsideof
theBay, themoreorganized, larger-scaleconvectivesys-
temsoccur on thewest-northwestsideof the Bay. Fig-

1TropicalRainfall Measuring Mission
2TheBay of Bengalis oneof thefew largesalt-body regionswith a

disposition for lightning,andlightning wasroutinely observedat night
throughout JASMINE. Lightning tendsto indicatestrongvertical up-
draftswithin convective cores.
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ure 2 shows all six-hourly reports of cyclones for the
samespatialdomain asFig. 1 for May throughSeptem-
berof 1971-2000,asgivenby theJointTyphoonWarning
Centerin Guam.A clearpreferenceexistsfor thenorth-
northwestsideof theBay. Monsoonlows, depressions,
anddisturbancesaremuchmorenumerous(andpossess
weakercirculations)thancyclones,buthavesimiliar spa-
tial distributions. Cyclonesgenerally begin over water
thenmove northwestward over land, often with severe
impactsonhumanwelfare.

A preferencefor the westsideof the Bay is seenin
other indicators of severeweatheror high vertical mo-
tion, e.g.,satellite-detectedlightning frequency (Torac-
inta andZipser2001, Fig. 3), high (12-15 km) TRMM
30-dBZ echoheights(Steve Nesbitt,pers.comm.), high
tropopauseheights (Newell and Gould-Stewart 1981),
and mesoscaleconvective complexes (MCCs) (Laing
andFritsch1993). Lastly, theNCEP3 Reanalysis(Kalnay
et al. 1996) placesmost precipitation at the northwest
sideof theBay. TheReanalysisproduct is not a robust
indicator of precipitation, but it doesindicate favorable
conditions for verticalascentona largespatialscale.

To date,the convectionoccurring within the Bay of
Bengalremainsincompletelydocumented. Many satel-
lite studiesof this region have relied on polar-orbiting
satellitesthat passover the region once a day at a set
time, andhave focusedon larger-timescalephenomena
such as intraseasonaloscillations(e.g., Lawrence and
Webster2001, andreferencestherein). In part, the lack
of a survey reflectsa paucity of geostationary satellite
datafor this region. TheJapaneseGeostationary Meteo-
rological Satelliteandthe EuropeanMeteosatsatellites
at their normal location have low viewing anglesinto
the Bay of Bengal,which underminestheir dataqual-
ity. Thegeostationary IndianINSAT satelliteis atanap-
propriate location, but its dataarenot availableto west-
ern researchers on a continuous basis. Oneyearof 3-
hourly INSAT datais availablethrough theNCAR4 Data
Archive. Thesedatahave beenappliedin a few studies
of themoreextremeconvectiveevents in theBayof Ben-
gal, suchasMCCs (Laing andFritsch1993) or tropical
stormsandcyclones(Smith andMehta1990). A more
comprehensiveanalysisof convectiveactivity is doneby
Rocaand Ramanathan (2000), but this often averages
over a large spatialdomain that ignores unique condi-
tionswithin theBay of Bengal. TheTRMM satelliteis
invaluableasa directprecipitation measurefrom space,
but samplesa particularlocationinfrequently.

The focus of this study is to provide a comprehen-

3National Centers for EnvironmentalPrediction
4National Center for AtmosphericResearch

sive survey, using3-hourly geostationary infraredsatel-
lite imagerywith viewing anglesnot too far from nadir,
of the convective activity for this climatically impor-
tant area,from the small, individual cloud to the large
cloudcomplexes. In addition, their life cycle evolution
is tracked from genesis,to maximum areaattained,to
end. The survey spans1999 (the year JASMINE oc-
curred) and1988 for morecompleteness. The diurnal
cycle is elucidated, partly to help identify therespective
influences of land and water. Suchstudieshave been
donepreviouslyfor otherregionsof theglobe(e.g.,Chen
andHouze1997; Chenetal. 1996; Machadoetal. 1998;
MapesandHouze1993; MathonandLaurent 2001) but
not for theBayof Bengaldomain.

Two geostationaryinfraredsatellitedatasetsareused.
Onedatasetcomesfrom theMeteosat-5satellite,which
was moved to 63� E on April 19, 1999, in support of
the JASMINE and INDOEX experiments. The sec-
ond datasetis the 3-hourly INSAT Infrared Imagery of
May-September1988 mentioned previously. A pixel-
grouping algorithm is usedto identify a cloud cluster,
which canthenbetrackedfrom imageto imageto char-
acterizethetemporal progressionof convectiveevents.

2. Data and Method

a. Data

The3-hourly Meteosat-5Infrared(10.5-12.5 � m) Im-
agerydataof May-September 1999 were used. These
were missing �
	 of the total possiblenumber of im-
ages,mostly in September. The missingimageswere
randomly distributedthroughout the diurnal cycle. The
datashowed no obvious signsof calibrationchange or
otherdatadropout asidefrom themissingcompleteim-
ages.Theinfraredmeancount ata �
������� resolutionwere
convertedto brightnesstemperaturesusingcoefficients
providedwith thedataby theEUropeanorganizationfor
theexploitation of METorological SATellites (EUMET-
SAT).

The seconddatasetis the 3-hourly INSAT Infrared
Imagery of May-September 1988. The INSAT satellite
is nominally locatedat75� E.A count-to-brightnesstem-
peratureconversiontablewasprovidedwith thedata.At
the ��� thresholds used,theresolutionis 1 K (Smithand
Mehta1990). The full-disk imageshave a spatialres-
olution of 22 km; thesewere interpolated to the same�
������� resolution of Meteosat-5. Larger datagaps ex-
istedin theINSAT datasetthanin theMeteosat-5dataset,
bothin missingimages(7.3%of possibletotal)andwhat
appeared to be bit dropouts affecting somescanlines.
Images werevisually inspected,andthosecontaining a
largeamount of datadropout within the Bay of Bengal
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FIG. 3. Four examplesof time clusters,asdefinedin Section2, from May 1999. Panela) took placefrom 0300UTC 19 May
- 0300UTC 21 May, b) 2400UTC 21 May - 0300UTC 23 May, c) 0300 UTC 23 May - 0300UTC 24 May, d) 0600 UTC 23
May - 0600UTC 25 May. Eachcircle representsa closedcontour of satellite-inferred����� 218K, andcorrespondsroughlyto the
cloudclustersize.Arrows show thedirectionof thecentroidfrom imageto image.Superimposedis thedaily- or two-day-average
850-mbNCEPReanalysiswind field closestto the date(s)of the time cluster. The numbersin the bottomleft-handcornerrefer
to the rankingof theeventwithin theentireMay-September seasonfor theBay of Bengal,ie., theevent in paneld) wasthesixth
largestin total areacoverageof all eventsoccurring within the Bay of BengalbetweenMay 1 andSeptember30. The average
propagationspeedsfor a)-d)are8.5m/s,8.2m/s,11.6m/s,and9.3m/s,respectively.

region werediscardedfromtheanalysis;thisreducedthe
datasetafurther3%. Themissingimageswererandomly
distributed throughout time of day. The larger INSAT
datadropout will causean underestimationof the 1988
cold cloudiness,but cannotaffect the result that 1988
contained moreand larger coherent convective activity
than1999 (Section3). ThereportedINSAT imagetimes
werenot consistent,but werealmostalwayswithin one
half-hour of androundedoff to that3-hourly time inter-
val. No calibrationissuesare reported in the literature
for eithersatelliteinstrument. Thetwo satellitedatasets
are treatedidentically, and the focus is almostentirely
ontheBayof Bengal,whichis definedhereto spanfrom��� N- �
��� N and ����� E- � ���!� E.

b. InfraredBrightnessTemperature Threshold

The infrared satellite literature containsa range of
temperaturethresholds,summarized in MapesandHouze
(1993) and Machado et al. (1998). Inferencesmade
about convective activity and life cycles vary with the
choiceof temperaturethreshold (e.g., MapesandHouze
1993; MathonandLaurent 2001). Oneof theseis that
colder cloud tops correspondmore closely to heavier
rainfall events(ChenandHouze1997; Rickenbach and
Rutledge1998). For this reason,we show resultsfor
two infraredtemperature( � � ) thresholds: 235K, to doc-
ument the behavior of all clouds thought to be rain-

bearing,and210K, todocumentthebehavior of themost
heavily precipitatingclouds.

The 235 K threshold was chosenbecauseof a doc-
umented fit betweenarea-and time-averagedrainfall
and �"� (Arkin 1979; Ohsawa et al. 2001). The 235 K
threshold is thecommonlyusedGoesPrecipitationIndex
(Arkin 1979), arrivedat throughcorrelatingradar-based
rainfall estimatesandthesatellitefractional areacover-
ageof � � � 235K pixels on a 1.5� by 1.5� to 2.5� by
2.5� spatialscaleduring theGARPAtlantic Tropical Ex-
periment. Thisthresholdwastestedagain againstrainfall
gaugeover India in Arkin etal. (1989),andfound to per-
formwell for mostregionswith theexceptionof theGhat
Mountainsandthe GangeticPlain. A similar linear re-
gressionanalysisof rainfall gaugedataandsatellitedata
by Ohsawaetal. (2001) overtropical Asiaarrived ata �#�
threshold choiceof 230K.

The 210 K threshold is taken asan indicator of the
precipitation boundary within deepconvective clouds.
It is closeto the 208 K thresholdfound to correspond
bestwith the instantaneous precipitationareain radar-
sampleddeepconvective systemsover the westernPa-
cific (MapesandHouze1993), andis usedby Chenand
Houze(1997) to examine diurnal variations in the life
cyclesof tropical deepconvectivesystems.

Thecorrespondence betweenthebrightnesstempera-
turethresholdsandprecipitation is acoreassumptionfor
this study, but it is a statisticalandnot a literal relation-
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FIG. 4. Geographyof the Bay of Bengal. Altitudes of
500,1000,and4000metersareshown in progressively darker
shadesof gray. The ’+’ symbol indicatesthe positionof the
R/V RonBrownduringJASMINE IOP2.

ship. Precipitationcanoriginatefrom clouds with tops
warmer than the threshold (R.-S. Sheuand Liu 1997;
Short and Nakamura 2000). Alternately, clouds with
verycold topsmaysimplybeadvectedcirrus,especially
for this region of highwind shear(seeRickenbach1999,
for more discussion).

c. CloudClusteringandTracking

The235K thresholdis anunreliable indicator of pre-
cipitation on an individual pixel basis. Partly for this
reason,cloud clusterswere identifiedandtracked only
through the 210 K threshold. Few clearcasesof cirrus
advected westward by the upper-level winds wereseen
with the210K threshold5. A colder threshold alsopro-
videsbetterdefinition of a time cluster, with lesssub-
tletiesin stormidentity andcontinuationascloud clus-
tersmergeandsplit up.

Themethodis simple:

1. “Cloud clusters”areclosedcountoursof � �
�)� K� � within eachimage(ie., all pixels mustshareat
leastonerow or columnwith a neighboring cold
pixel). Their areaandthelocationof thecentroid
aredetermined.Thedataresolution meansthatthe
smallestcloudcluster, comprising onepixel only,
will haveanareaof about600km

�
.

5Thedissipating cluster in Fig. 3c maybeanexampleof advected
cirrus,but this example useda threshold * � of 218K.

2. “Time clusters”arecloudclusterswithin sequen-
tial imageswith overlapping positions. Theirover-
lap mustexceedeither10,000km

�
or 50%of ei-

ther cluster. The times, centroid locations,and
area of the start and end of each time cluster
aredeterminedaswell aswheneachtime cluster
achievesits maximum size. In addition, the total
areacovered by eachtime clusterduring its life-
time is calculated. Cloudclustermergesandsplits
aretakeninto account throughout thetime match-
ing.

Thisprocedurewaspreviouslydevelopedandapplied
to characterize the Australianmonsoon (Williams and
Houze1987), the areacovered by the JapaneseGMS
satellite(MapesandHouze1993), andthetropical west-
ern Pacific warm pool (Chenet al. 1996). The method
depends on slow cloud propagationsbetweentwo se-
quential imagesrelative to its size. For 3-hour resolu-
tion data, the areal overlap method performs well for
clouds with areasof roughly � 8,000 km

�
(Machado

et al. 1998). This implies thatwe areonly ableto track
cloud clustersof size larger thanabout12 pixels from
image to image. The simple but objective areaover-
lap tracking approach is as functional as more elabo-
ratemethods that includecloud morphology andradia-
tivecriteria(Machadoet al. 1998).

The time clusterlifetime andtotal areacloud cover-
agearedependenton thethreshold chosen,with warmer
thresholds corresponding to larger cloud areas,longer
lifetimes, andslower propagationspeeds(e.g.,Mathon
andLaurent2001). The lifetimes and cloud areasde-
ducedhereusingthe210K thresholdwill beunderesti-
matesof the true convective areaandlifetime. In addi-
tion, only literal, continuouspropagationsof convective
activity will beidentified, andlarger-scaledisplacements
of convectiveactivity occurring within a largerenvelope
will bemissed.

Examplesof cloudclustersandtime clusters,derived
usinga 218K threshold, areshown in Fig. 3. A distur-
bancethat passedover the RV RonBrown during JAS-
MINE is shown in Fig. 3b. The areacovered by each
circle is roughly to scale.

d. Geography

A mapof the Bay of Bengal domainis shown here
in Fig. 4. Pt. Palymrasrefersto the convex peninsula
on the Indian coast,the Iriwaddy refers to the convex
coastlineformed by thebroaddeltaof theIriwaddyriver,
with theGulf of Martabanto its southeast.Theplussign
indicatesthepositionof theR/V RonBrownduring the
secondintensiveobserving period of JASMINE.
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FIG. 7. SameasFig. 6 but for 1988. Notethelargerrangeof valuesfor thecloudclustersizes.

3. General Context of the 1988 and 1999 Monsoons

Figure5showsthemonsoonal-mean(May1- Septem-
ber30)percenthighcloudinessfor (a)1988 � � � �[Z!�[\ ,
(b)1999�]� � �[Z!�[\ , (c)1988�]� � �^� ��\ , and(d)1999��� � �^� ��\ . The monsoonal-mean850-mb wind field
is included in panels(a) and (b), and the monsoonal-
mean300-mb wind field and the sealevel pressurein
panels(c) and(d). Percenthigh cloud(PHC) is defined
asthepercentageof pixels with � � � �[Z
��\`_badc=e �:fhgji
or � � � �
�)�
\`_<adcke �Gl8m)i within thedataset.

Figure5 shows thatin 1999muchof thehighcloudi-
nessoccurred near shore, either on the east side foradc=e �hf:g , or on thenorthwestsidefor adc=e �nl8m . In con-
trast,in 1988thehigh cloudinesswaslesslocalizedand
moreof it extendedfarther southinto theBay. Averaged
over the80� E - 100� E, 5� N-25� N region, slightly more
highcloudinessoccurredin 1999 thanin 1988 (16.3%vs
15.6% for adc=e �:fhg and3.1% vs 2.8%for adc=e �Gl8m ).

We cancompare this to the popular All-India Rain-
fall Index (AIRI), an average of stationrain gauge data
within India that is often usedasan index of monsoon
strength. For 1988, theAIRI wasabout two standard de-
viationsabove the 1871-1994mean,while in 1999the
AIRI wasslighly below the long-term mean. This im-
plies that 1988 was a strongmonsoonyear and 1999
a slightly weakmonsoon year. LawrenceandWebster
(2001) notethattheAIRI is notagood indicatorof mean

convectiveactivity in theBay of Bengal. Fig. 5 suggests
this may be becausethe spatialdistribution of the con-
vectionvariessostronglybetweenyearsthata spatially
averagedvalueis not someaningful. Instead,thespatial
variationin theconvectionover watermaybereflectedin
thespatialvariation of convectionover land(Bhatet al.
2001).

Fig. 5 alsoshows very different cloudmaximaloca-
tions for adc=e �Glom (panels c) andd)) thanfor adc=e �hfhg
(panels a) and b)). During both years, most of theadc=e �:fhg is found nearthe easternsideof the Bay, and
particularly within the Gulf of Martaban. There is a
goodspatialmatchbetweenFig.5bandthe1999TRMM
meanrainfall estimateof Fig. 1. It is occurring in a re-
gion of seasonal-meanlow-level onshore winds onto a
coastalmountain range. In contrast,Figs.5c andd show
thatthe adcke �nl8m cloudis morelikely to befoundin the
northwest or west side of the Bay, with the maximum
cloudinessslightly southof themeansealevel pressure
minimum. This coincideswith the cyclone distribution
shown in Fig. 2.

4. Cloud Clusters

We find a distinct grouping of the cloud clustersby
size and location, elucidatedherein Section4c. This
allows us to conclude that most of the rainfall in the
Bay originatesfrom the relatively smaller cloud clus-
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ters.Thecloudclustersof 1988werelargerthanthoseof
1999, which impliesmoreorganizedconvection in 1988
thanin 1999. JASMINE Star2 wasa convective excep-
tion within an otherwiserelatively calm monsoonyear.
Lastly, a maximum cloud areaoccurs at 6 A.M. for all
clouds irrespectiveof size.

a. TimeSeries

Figs.6 and7 show timeseriesof theindividual cloud
clustersfor 1999and1988, respectively, aswell asatime
seriesof themeanadcke �hfhg over theBay. Forbothyears,
thelargestcloudclustersoccur within thefirst half of the
monsoonseasonandclearlydemarcatethemonsoonon-
set,with thecloud clustersdiminishingin sizein thelat-
terhalf. Largecloudclustersareassociatedwith theJune
8 to 11,1999 cyclone.Thecycloneactivity in bothyears
wasslightly weak(no cycloneswererecordedin 1988).
One-third of the cyclones shown in Fig. 2 occurred in
May, suggesting that a preferencefor the largest cloud
clustersto occur earlyin themonsoon seasonis typical.

Someof the largestcloudclustersof theentire1999
monsoon season,andthehighestspatial-mean adc=e �:fhg
of theseason,occurredduring or nearJASMINE Star2,
May 21 to 26, 1999. In generalthe larger cloud clus-
tersoccurwhenthemeanadc=e �:fhg is high, but whereas
thelargestcloudclustersoccurearlyon,no trendis evi-
dentin thespatial-meanadcke �hf:g with timeduringeither
year. Thissuggeststhatconvectiveactivity becomesless
organizedasamonsoonprogresses,butnotlessfrequent.
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FIG. 9. The cumulative coverage fraction of pixels with� � �}U[WGX)Y . The dashedlines refer to the Indian Oceando-
mainfrom 20T S-25T N andfrom 40T -110T E, while thestraight
lines refer to the Bay of Bengal(5T - 25T N, 80T -100T E). The
thick lines refer to 1999 andthe thin lines to 1988. The dots
refer to thequartilesshown in Chenet al. (1996)Fig. 5 based
on four yearsof GMSdata.

b. SizeDistribution

As seenin a comparison betweenFigs.6 and7, the
cloud clustersin 1988 attaina larger sizethanthoseof
1999. This is further demonstratedin Fig. 8, showing
thefrequency distributionof thenumber of cloudclusters
for eachyearasa function of thecloudclustersize.It is
alsoevident that1999 hadmoresmallcloudclustersthan
1988.

Fig.9 showsthecumulative fractionof totalcoverage
of theBay of Bengalasa function of cloudclustersize
for 1999(thick line) and1988(thin line). For further
comparison,similar curvesareshown for the larger In-
dianOceandomain (dashedlines),andfilled circlesfor
the JapaneseGeosynchronous Meteorological Satellite
(GMS) domain (80� E-160� W), taken from Chenet al.
(1996, Fig. 5). Thelargerclusterelementsoccurring in
1988force the entiredistribution to the right. Many of
theselarger 1988 cloudclusterscamefrom farther south
in the Bay, whereclouds weremore likely to be orga-
nized into larger systems,as will be discussedfurther
in Section4c. We alsoseea tendency for more numer-
ouslargecloudclustersin theBay of Bengalthanin the
entire Indian Oceandomain. The GMS values arenot
directly comparable,6 but moreyear-to-yearvariability

6TheGMS datasethada higherspatial resolution of 10 km.
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FIG. 10. Locationsof thecloudclustersof bothyearswithin thea) lowest( ��� 85 km), b) 2nd(85 �k��� 140km), c) 3rd (140����� 210 km) andd) top quartile( ��� 210 km), expressedascountoursof thenumberof clusters.Panelsa) andb) areat a 1T
resolutionandpanelsc) andd) at a2T resolution.

is seenin the two years of Indian Oceandatathanwas
observed in the four yearsof GMS data,possiblya re-
flectionof thesmallerdomainweexamined.

c. Location

As canbe seenin Fig. 10, the cloud clusterswithin
the Bay of Bengalshow a distinct spatialgrouping by
size. The four size groups were defined from quar-
tiles constructedfrom thesizedistributionsummedover
both years,with eachquartile contributing 25% to the
total cloud coverage(seeFig. 9). The quartile bound-
ariesoccur at cloudclusterareasizesof 22,500,62,500,
and 136,900 km

�
. Thesecorrespondto cluster radii

( �d��� �!�� ¡�^¢�£ ) of 85,140,and210km.

The smallestcloud clusters(Fig. 10a) occur either
at the eastside of the Bay near shore,or over land.
Their distribution coincides very well with the rainfall

distribution shown in Fig. 1. As the cloud clustersin-
creasein size,they arelesslikely to occurover landand
morelikely to occurin the middle andwestsideof the
Bay. Thelargestcloudclustersover landoccurover the
GangeticPlain. The largestcloudclusters( �¤� 210 km;
Fig. 10d) occur primarily in only two locations:directly
offshore of Pt. Palymrasat about 20 � N and87� E, and
farthersouthin theBay at roughly 15 � N and89� E. The
northerly locationis mirrored in thecyclonelocationsre-
portedin Fig. 2.

Support for the overall spatialdistribution exists in
TRMM andSpecialSensorMicrowave/Imager(SSM/I)
data. GeneralTRMM dataprecipitation featuresprefer
the eastsideof theBay (Fig. 1) while TRMM precipi-
tationfeaturescontaining MCSs(hencemoreconvective
organization) aremoreequitablydistributedthroughout
the Bay (Steve Nesbitt,pers. comm.). A population of
“intense”mesoscalesystemsis alsoidentifiedin SSM/I
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datain the middle of the Bay at about 17 � N (Toracinta
andZipser2001, Fig. 11).

Othersimilar studiesconclude that large cloud sys-
temsareresponsiblefor mostof theprecipitationin their
locations of study (e.g., Chen and Houze1997; Chen
et al. 1996; Machado et al. 1998; Mapesand Houze
1993; Mathon and Laurent 2001). In contrast,from a
comparisonwith TRMM data,we conclude thatmostof
the rainfall in the Bay of Bengalcomes from smaller,
more numerous convective systems. Previous studies
have focusedon eitherocean-only or land-only regions,
andtheexplanationfor thediscrepancy maywell reflect
the impact of the coast,suchas,for example, the pres-
suredeceleration mechanism of GrossmanandDurran
(1984).

d. Diurnal Variability in CloudClusters

Figure11 shows thediurnalcycle in thecloudcover-
ageamount for eachcloud clustersizeclass,expressed
asthe percent of the daily total cloudarea.An attempt
wasmadeto isolatethediurnal behavior over thewater,
andthe Bay of Bengal domainwasrestrictedto water-
only 1 � grid boxesfor thisfigure.Thelargestcloud clus-
ter sizehasthe most pronounced diurnal cycle, with a
maximum:minimumratioof about 10.Thesmallercloud
clustershaveasimilarphasingin theirdiurnalcycle,with
6 A.M. or 9 A.M. maximaand6 P.M. or 9 P.M. min-
ima,but theirmaximum:minimum ratio is muchsmaller,

about 2 or 3. Thetop quartile hasanasymmetrical diur-
nal cycle with areacoveragethat increasesrapidly after
midnight, reachesa peakat 6 A.M., decaysslowly from
6 A.M. to noon, andrapidly thereafter, reaching a mini-
mumat6 P.M.. Thiscycle in cloudareacoveragewill be
seenagainlaterin thetime clusterlife cycles.

A comparisonof Fig.11to asimilarfigurederived for
thewesternPacificwarmpool (Chenetal. 1996) reveals
that the most pronounced diurnal cycle also exists for
the largestcloudclustersof the tropicalwesternPacific
warmpool,but negligible amplitudesexist for thesmall-
esttwo quartiles. Most of theBay of Bengalcloudiness
occurs nearshoreline, andoneinfluenceof landmaybe
to imposeadawn maximumuponall clouds irrespective
of size.Theweakafternoon convectionover openwater
found by ChenandHouze(1997) is notevidenthere.

5. Mean Diurnal Variability

How doeslandinfluencethecloudinessdiurnal cycle
over the Bay? We investigatethis herethrough docu-
mentingthe Bay of Bengaldiurnal cycle and compar-
ing it to thatof thetropical westernPacific (TWP)warm
pool. We chosethetropicalwesternPacific not only be-
causemuchof it is far away from land,but alsobecause
theTWP alsoexperienceshighseasurfacetemperatures
andis at a low latitude,and,it hasa well-examineddi-
urnal cycle. The largestdifferencein the diurnal cycle
betweenthe two regions is found to be nocturnal initi-
ation times in the Bay of Bengal occurring nearshore
versuslate-afternoon initiation timesover the TWP (or
land). The time of maximum cloudinessin the Bay of
Bengalis slightly laterthanthatof theTWP (but not af-
ter dawn), and the dissipationtimesaresimilar for the
two regions.

We find that the convective lifecycle in the Bay of
Bengaldependsstronglyonlocation.Theconvectionoc-
curring nearlandbeginscloseto shore,with subsequent
convectionoccurring up to © 300km offshore.Farther
awayfrom land( © 1000 km) thediurnal cycleresembles
thatof theopen ocean.Thenorthwestsideof theBayhas
themostpronounceddiurnal cycle.

a. Mean3-hourly PHC�:fhg andPHC�Glom
Figures12and13show the3-hourly diurnal cyclesin

PHC�:fhg andPHC�Glom , respectively, for May-September
of 1988and1999 combined.Thelocal timestatedin the
panelsis thelocal time appropriatefor 90 � E.

Overlandthebehavior of PHC�hf:g andPHC�Glom is very
similar, with an intenseandshort-lived peakin activity
occurring around6 P.M.. Themaximumcoldcloudiness
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FIG. 12. The diurnal cycle in PHC46587 percenthigh cloudinessshown at 3-hourly time intervals. The statedlocal timesare
appropriatefor 90T E. Panelsa) throughh) refer to local midnight,300 LT, 600 LT, 9am,local noon,1500LT, 1800 LT, 2100 LT,
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FIG. 14. Diurnal variability in PHC4:9<; . Theorientationandlengthof thevectorindicatesthe time andthecloudinessamount,
respectively. A vectorpointing to the north,east,south,andwestindicates0LT, 6LT, 12LT, and18LT respectively. The thickest
vectorof eachclustercorresponds to thetime of themaximumcloudinessamount.Eachclusterrepresentsa 1T by 1T averageand
is shown subsampledevery 2T .

amount of the whole region occurs at this time, north-
westof the Bay ( © 17� -20� N, 82� -87� E). By 3 A.M.
thelandcloudsaregone, asidefrom apeakin cloudiness
occurring over Bangladesh.This coincideswith the lo-
cationof Cherrapunji, world record holderof thehighest
meanannual rainfall. Rainfall gaugesalsorecorda late-
night,early-morning maximum atthissite(Ohsawaetal.
2001).

Over water, themaximum PHC�:fhg occurs at theeast
sideof theBay andthemaximumPHC�Glom at thenorth-
westside. Both PHC�:fhg andPHC�Glom begin to develop
in the late evening to midnight, reacha maximumarea
at 6 A.M., maintaina large areafor 3 to 6 hours, then
dissipateslowly beforenoonandrapidly thereafter. By 9
P.M. theBayhasaminimumin coldcloudiness,with sig-
nificantPHC�hf:g occurring only in theGulf of Martaban.
Overopenwaterfarthersouthin theBayabout1000km

from land(5-10 � N, 85-90� E), PHC�Glom is highestfrom 3
A.M. to 6 A.M.. This is similar to the late-nightmaxi-
mumseenover theopenocean(e.g.,GrayandJacobsen
1977) andis consistentwith thenighttimerainfall maxi-
mumrecorded on theR/V RonBrownduring JASMINE
Star2.

b. Diurnal MaximaandPhasing

The local time and amount of cloud maximum is
quantified for bothPHC�Gl8m andPHC�:fhg in Figs.14 and
15. In thesefigures, thediurnalvariability is represented
asa vectorevery threehours,with thelengthof thevec-
tor indicatingPHC amount andthe vector direction in-
dicatingthe local time. The maximum diurnal PHC is
shown asa thicker vector. In this way onecaninfer the
time of maximumconvective activity, the amount, and
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FIG. 15. SameasFig. 14 but for PHC46587 .

thedurationfrom onefigure7. FromFig. 14,we cansee
thatmostof the � � � 210K activity occurs in thenorth-
westsideof theBay, andhasabroad maximum spanning
from 6 A.M. to noon (in contrastto themoreshort-lived
neighboringlandconvectionpeaking at18LT). Muchof
the peakconvective activity within the Bay occurs be-
tween6 A.M. and12A.M..

Fig. 15 is similar to Fig. 14,but for PHC�:fhg . Several
contrastingfeaturesareapparent. Oneis thatthediurnal
cycle is moreuniform over theBay. Another is that the

7The figure is a departure from the diurnal harmonic methodin
which amplitudeandphaseof diurnal variation arederived from the
first harmonicderived from 3-hourly data. Harmonicanalysishasthe
advantagethat phaseinformation canbe obtained with a higher tem-
poral resolution than the original data. Problemswith the harmonic
analysisapproachhave beendemonstratedby Ohsawa et al. (2001)for
this region, however, primarily becausethe diurnal cycle cancontain
minimaandmaximathatareseparatedby only six hours.Particularly
nearcoastlines,thefirst harmonic maynotcapturethetruediurnal vari-
ation very well.

time of maximum cloudinessnow mostly occurs in the
afteroon, with a few mostlynear-shoreexceptions. This
figureis consistentwith Fig. 3 of Ohsawa et al. (2001),
yet notethatthediurnal maximum of thenorthwestside
of theBay is different in Fig. 15 thanin Fig. 14. Fig. 14
showsa6 A.M. diurnalmaximum thatis consistentwith
rain gauge rainfall data(Ohsawa et al. 2001), whereas
Fig. 15 does not accurately capturethe maximum time
for this location.

Thelandinfluenceonthediurnal cycleovertheBayis
moreobviousthroughits impacton thestrengththanon
thetiming of thediurnal maximum. With distanceaway
from land, thediurnal cyclebecomesweaker. Theeffect
ontiming seenhereis similar to thatpreviouslynotedby
YangandSlingo(2001) andOhsawa et al. (2001). They
observe thatin thenorthwestsideof theBay, convective
activity fartheroffshore (by up to 5 � ) reaches its maxi-
mumlater thanactivity closeto shore8. In Fig. 14, this

8YangandSlingo (2001)asa minimum in convective activity de-
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wouldbeindicatedbyaclockwiserotation in thethickest
vectorwith distanceoffshore. We do seethis in Fig. 14,
moreclearly in higher resolution plots not shown here.
Thephasingis onlymostlycoherent north of about 14 � N
for PHC�nl8m .

In bothFig. 14 andFig. 15 the phasingbetweenthe
near-shore and off-shoreconvective maximum is most
apparentatthoselocationswith strongnear-shorediurnal
cycles(northwestandeastsidesof theBay for PHC�nl8m
and PHC�:fhg respectively). The phasingis clear up to
about 5 � or 500km away from land,andat a distanceof
about 10� or 1000km away from landthetiming of the
diurnal cycleno longershows any landinfluence.

6. Cloud Life Cycles

Thissectionpresentsthelifecycledevelopmentof the� � � 210 K time clusters. In summary, all the cloud
systemsattaintheir maximum areaat 6 A.M., irrespec-
tive of size,but the larger longer-lived systemstendto
begin earlieranddissipatelater. The nighttime genesis
timesof many of thetimeclusterscontrastswith thelate-
afternoon timesfound for the TWP. The mostcommon
cloudsystempropagation is to thewest-southwest.

a. Spatial andTemporal Characterization

Figs.11 to 15 leadus to expect life cyclesthat vary
by cloudsizeandlocation. The local time andlocation

rived from thefirst harmonicof thediurnal cycle.

of thegenesis,maximum cloudarea,anddissipationfor
threetime clustergroups are shown in Figs. 17 to 19.
Thegroupswereestablishedusingmaximumcloudradii
of 85,140,and210km, similar to thequartiledivisions
usedfor Fig. 11. Cloudswith maximum cloud clus-
ter radii of lessthan85 km mostly only lastedfor one
frame(aspredictedby Machadoet al. (1998)) andare
not shown. Larger cloud systemstend to have longer
lifetimes, asshown in Fig. 16. The top threequartiles
have meanlifetimes of 19, 9, and6 hours respectively,
but thereis a lot of variation.

The largesttime clusters,shown in Fig. 17, tend to
be over water. Many begin near the north end of the
Bay and move southwestward thereafter. A more sta-
tionary population exists around Pt. Palymras,so that
a few time clusterscontribute strongly to the bull’s eye
in cloudclusternumber seenin Fig. 10d. Theinitiation
timesshown in Fig. 17 peakfrom 9 P.M. to 3 A.M. for
thewater-basedclustersandat3 P.M. for theland-based
clusters(deducedfromadatasubsettingnotshownhere).
A moredetailedinvestigation shows many of the time
clustersover water increaserapidly in areaafter mid-
night, attaintheir maximum areaat 6 A.M., thendecay
slightly throughout the morning but rapidly after noon.
Timeclusterslastingmorethanonedaysurvive theday-
time decay, expand again the secondnight andusually
attaintheirmaximumareacoverageonthesecondnight,
againat 6 A.M..

Fig. 18, for thenext largesttime clustergroup, shows
a similar but perhapsmore localizedpreferencefor the
northwestsideof theBay, bothfor land-basedandwater-
basedclusters. The greaterlocalizationmay reflect a
shortermeanlifetime thatleaveslesstime for clouddis-
placement. Theinitiation timespeakat 3 A.M. over wa-
ter (laterthanthepeakinitiation time for thelargestsys-
tems)andat3 P.M. over land.Themaximumareasoccur
at 6 A.M. over water (sameas for the largestsystems)
and 6 P.M. over land. The most common dissipation
time is at 9 A.M. or thereafter (slightly earlier thanfor
the largestsystems).Fig. 19 shows a similar life cycle
for thesmallesttimeclusters,with aslightly earliermost
common dissipationtime of 6 A.M. or thereafter over
water. As the time clustersdiminish in size, a greater
proportionof themareseenover land.

Thefew largetimeclustersthatoccuroverland(Fig.17)
deservemention. Theseusuallybeginaround3 P.M. and,
similar to the water-basedclusters,attain their largest,
single,contiguouscloudareaat 6 A.M.. Yet, over land,
themostcommoncloudtypeis smallandshort-lived(see
Fig. 10), andoccurs around 6 P.M.. For themostlong-
lived systems,theseshorter-lived clouds canmeld with
thelarger systemssothatthemaximum areaof thetime
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FIG. 17. Locationsat thetime of (a) genesis,(b) maximumarealextent,and(c) ending, for time clusterswith maximumcluster
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FIG. 18. SameasFig. 17 but for time clusterswith maximumclusterradii between140-210 km.
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FIG. 19. SameasFig. 17 but for timeclusterswith maximumclusterradii between85-140km.



ZUIDEMA: ConvectiveSystemsoverTHE BAY OF BENGAL 17

cluster(whichcancontainmorethanonecloudclusterat
any onetime) canoccurin theevening. An example of
this is shown in Fig. 3d.

b. Comparisonto Tropical WesternPacific

ChenandHouze(1997) have done a similar analysis
for cloudlife cycles over thewesternPacific warmpool,
andfind aninitiation timeof about 3 P.M.. for bothsmall
andlargecloudsytems.ChenandHouze(1997)attribute
this to daytimeboundary-layerwarming. In contrast,we
find a preferencefor nighttime9 P.M. - 6 A.M. initiation
times,particularlynearland. The differencein the two
initiation times is a direct reflectionof the influenceof
the land-seainterfaceto the genesisprocesswithin the
Bay of Bengal. In a datasubsettingnotshown here,sys-
temsfarthersouthin theBayandfartherawayfrom land
were more likely to start in the late afternoon (similar
to resultsin ChenandHouze(1997)) thanthosefarther
north.

For the other life cycle stages(maximum areaand
ending), bothourstudyandChenandHouze(1997) ob-
serve pre-dawn cloud maximaindependentof location,
andlate-morningdissipation. Thissuggestsclouddevel-
opment anddissipationprocessesthatareindependentof
the initiation processandof theparticular location. Ex-
amplescaninclude nighttimecloud-top longwave cool-
ing, anddaytimecloud shortwaveabsorption.

c. CloudSystemPropagation

Onemotivationfor thisstudywasto investigatecloud
movementwithin theBayof Bengal.A common plotting
deviceis toshow thepropagationdirectionaveragedover
all systems;in thiscasethemeanpropagationdirectionis
southwardeverywherein theBay(not shown). However,
themeanfeaturewouldhidemuchindividualvariability.
A histogramof thetrajectories,Fig.20,showscloudsys-
temsmoving in mostdirections except north, andpre-
ferring west and southwestward movements. This re-
flectsin parta consistent,westwardoffshoremovement
of nighttime convection in the Gulf of Martaban(dis-
cussedfurther in Section7a),andcloudmotions thatfol-
low the mean,upper-level winds (seeFigs. 5c and d),
particularly for themonth of September, whenthemon-
soonhasweakened. Throughout mostof theBay during
May-August,mostindividualmotiontrajectoriescontain
a southwardcomponent.

The cyclone tracks shown in Fig. 2 almost always
follow north-moving or northwestward-moving trajecto-
ries. West-northwest movementof 7-9 day activity in
northeasternIndia andthenorthernBayof Bengalisdoc-
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25%of thestorms(asgivenby their total life cycle cloudarea
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umented by Lau and Lau (1990). In contrast, Fig. 20
shows few systemswith a northwardcomponent to their
propagation. Separate directions of movementfor 1-2
dayactivity and5-10dayactivity in the Bay of Bengal
contrast, for example, with the westernAfrican region,
wherecloud time clusterspropagatein the samedirec-
tion aslarger-scaleeasterlywaves(MathonandLaurent
2001).

An example is madeof thecloudsystemscomposing
the1999cyclonein Fig. 21. Thecontributing individual
cloudsystemsgenerally moved to the southwest,while
subsequent events would begin northwestof the previ-
ousevent. In this way, theoverall cyclonemovementis
to thenorthwest.Thecyclonecloudsattainedtheirmax-
imum size(andthecycloneits strongestwinds)nearPt.
Palymras, emphasizingtheimportanceof thatparticular
region.

7. Discussion of Selected Locations

In this sectionthree locations are usedto illustrate
morefully somecharacteristicsof convectionwithin the
Bay. An in-depth examination into plausibleexplana-
tions for the observations would be helpedby a mod-
eling effort that is beyond the scopeof this paper;the
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aimof thissectionis moreto suggestfruitful avenuesfor
further research.The Gulf of Martaban servesto illus-
tratetheimpacton cloudcover of monsoonalflow upon
coastalmountains,thePt. Palymrasregion is thesiteof
large-scaledisturbances,andlastly, acontext is provided
for theJASMINE Star2 intensiveobserving period.

a. Gulf of Martaban

The Gulf of Martabanhasa pronounced diurnal cy-
cle in convective activity. As shown in Fig. 22, at mid-
nighta populationof primarily small,weak(cloud areas� 22,500km

�
) yet relatively abundant � � � 210K cloud

clustersis seenoverwater, with a sharpboundarydelin-
eatingclearconditions over land. Nine hours later, the
clouds have moved 200-300 km west,away from land,
andhave grown in size (seenin cloud clustersizedis-
tributions not shown here). By noon, thecloudpopula-
tion overwaterhasbecome localizedoff of theIriwaddy
delta.Thesedecayrapidly thereafter, followedby a pro-
nounced3 P.M. maximum over theIriwaddydelta. The
diurnal cycle over water is similar to that observed off
the coastof N. Borneoduring the winter monsoonsea-
son(Houze et al. 1981), andoff the coastof Colombia
(Mapesetal. 2002).

Several mechanisms may play a part in explaining
the pronounceddiurnal cycle observed within the Gulf
of Martaban. One is that of Grossmanand Durran
(1984), who explain convection offshoreof the Indian
GhatMountains asa responseto upstreampressurede-
celarationof themonsoon flow by thecoastalmountains.
An examination of the diurnal cycle was beyond the
scopeof their study, however, a thermal processcould
provide a diurnalcycle to thepressuredeceleration that
canpreferentially support nocturnalconvection.For ex-
ample,onesuchprocessis presentedin a recentmodel-
ing studyof nocturnal convectionoffshoreof Colombia
(Mapeset al. 2002). This studyultimately held gravity
wavesemanating off of landtopography responsible for
the nighttime offshoreconvection initiation. A coastal
mountainrangeis presentneartheGulf of Martaban(see
Fig. 4) andcouldwell generatebothupstream blocking,
anddiurnally-varying gravity waves.

In addition, the concept of a nighttime land breeze
haslongbeenusedto explainnocturnaloffshoreconvec-
tion (seeNeumann 1951, and referencestherein). For
example, Houzeet al. (1981) explain their observeddi-
urnalcycle asa convergenceof a nighttimelandbreeze
with thedominantmonsoonalflow. Thisexplanationhas
recentlybeenmodified by Ohsawa et al. (2001) to in-
cludeconsiderationof shorelinecurvature.Ohsawaetal.
(2001) find a late night-early morning convective peak

at theN. Borneolocationstudiedby Houzeet al. (1981)
evenwhenthenighttimelandbreezeis in thesamedirec-
tion astheprevailing wind, suchasoccursduring sum-
mer. Ohsawa et al. (2001) attribute this to the concave
coastlinefavoring a nighttime, low-level convergence
from theconcentrationof landbreezes,regardlessof the
prevailing wind. They find that latenight convective ac-
tivity is especiallytrueof coastalwaterswith a concave
coastline,andpresent themouthof theGangesRiver as
oneexample. TheGulf of Martabancanserveasanother
example. A modelingstudyof theFloridapeninsula, oc-
curring at aboutthesamelatitudeasthe Bay of Bengal
(but lackingmountains),supports theideathatcoastline
shapeis influential in determining the timing, location,
andintensityof offshoreconvection (Bakeret al. 2001).

b. Pt. Palymras

Whereasthe cloudcover on the eastsideof theBay
is thought to reflect the response of a monsoonalflow
uponthe coastalmountains,the cloudcover around Pt.
Palymras is probably morelinked to larger-scalecircu-
lation features.Here,the landsurfaceis themoist low-
lying GangeticPlain.Thenighttimelandbreezedoesnot
converge with the prevailing monsoonal wind. A large
monsoonal-mean surfacelow occurs(seeFig. 5). This
region is a site of active transients(Lau andLau 1990),
with maximain the850mbrelativevorticity usedto indi-
catetropicaldisturbancecenters.Fig.23similarly shows
a maximum around Pt. Palymasin themeanNCEP850
mb relative vorticity for thetwo monsoonseasonscom-
bined(theindividual yearsaresimilar). Theconnection
betweenlocal disturbancesand the more global circu-
lation is demonstratedby a preferential occurrenceof
cyclones in the Bay of Bengal(and elsewhere) during
the convective phaseof the Madden-JulianOscillation
(Liebmann et al. 1994).

What is the impactupon cloudcover characteristics?
The favorable conditions for convection help support
large, long-lived, sometimes slow-moving systems(see
Figs. 10 and17). In contrastto the Gulf of Martaban,
thespatialdistribution of thecloudcover is lesssensitive
to the coastline(see,for example, Fig. 21). The cloud
systemsgenerally staycloseto shore,with mostof the
cloudinessresidingapparentlynon-preferentially either
over landor overwater. Thedirection of movementis as
likely to beparallel to thecoastasperpendicularto it.

Thediurnal cycle is stronger thanthatat theGulf of
Martaban(seeFig. 14),especiallynearland,but bothlo-
cationshave 6 A.M. maxima,while the larger systems
around the northwestsideof the Bay have earlier initi-
ation times(9 P.M. vs midnight) andlater decaytimes



ZUIDEMA: ConvectiveSystemsoverTHE BAY OF BENGAL 19

80� oE 85oE 90� oE 95oE
5oN

10oN

15oN

20oN

25oN

 

 

 

 

 

 

 

 

 

 
a)

80� oE 85oE 90� oE 95oE
 

 

 

 

 

 

 

 

 

 
b)
Ç

80� oE 85oE 90� oE 95oE
 

 

 

 

 

 

 

 

 

 
c)

80� oE 85oE 90� oE 95oE
 

 

 

 

 

 

 

 

 

 
d)

80� oE 85oE 90� oE 95oE
 

 

 

 

 

 

 

 

 

 

5oN

10oN

15oN

20oN

25oN
e)

FIG. 21. Individual cloud time clustersidentifiedwithin thecyclone of 8 June- 11 June,1999. Arrows point from thefirst to
the lastcloudclusterwithin eachsequence. LargeX’s indicatethecyclonepositionasdeterminedby theJointTyphoon Warning
Centerin Guam.Panela) is from 6 - 9 LT 8 June,b) 21 LT 8 June- 12 LT 9 June,c) 24 LT 9 June- 12 LT June10,d) 6 LT 9 June
- 12 LT 11 June11,e) 21 LT 11 June- 3 LT 12 June.

(afternoonvs noon) thantheGulf of Martabansystems.
Again, this mayreflectconditions favorable for convec-
tion occurring at time scalesgreaterthana day for the
northwestBay. Thetiming of thepeakconvectionover
waterbecomesdelayedwith distancefrom land(Ohsawa
et al. 2001; YangandSlingo2001), similarly to theGulf
of Martaban. This canhypotheticallyalsobeexplained
through gravity wavesemanating from thecoast,but in
the caseof the northwestsideof the Bay, the origin of
thegravity wavesis landconvectionratherthanlandto-
pography. Thismechanismhasnotbeenmodeledfor this
region, however, andatpresentcanonly bepostulated.

c. JASMINE“Star 2” (89� E,11� N, May21-26, 1999)

As mentioned in the Introduction, during the JAS-
MINE Star2 time period, large, nocturnal, southward-
movingdisturbanceswereobserved(Websteretal.2002).
Most of therainfall on theR/V RonBrownoccurred be-
tween2100LT and600 LT. Suchdisturbanceshadnot
beendocumentedpreviously at this location. How do
theJASMINE observationsfit in with theconvectioncli-
matology presentedin thispaper?

The nocturnal rainfall is consistentwith the clima-
tological diurnal variability expected for this location,
asseen,for example, in Figs.12 and13, with an early
morning maximum in theverycoldclouds ( �#� � 210K)
anda lateafernoon increasein slightly lesscold clouds
top( � � � 235K). Thisdiurnalcycle is typicalof tropical
oceanicconvection(ChenandHouze1997; GrayandJa-
cobsen1977) andimpliesadiminishedinfluenceof land
on thediurnal cycleat this location.
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FIG. 22. Cloud clusternumberat a) local midnight,b) 900
LT, c) local noon, d) 1500LT, for bothyearscombined.Cloud
clustershave a maximumradii of 85 km.

A multi-day sequence of large, diurnally repeating,
southward-moving time clustersonly occurred onceat
thislocationin thetwoyearsof ourcloud-trackingdataset.
Thiswouldsuggestthatsucheventsareunusual.In fact,
boththedirectionof motion andthecloudclustersizeare
in keeping with thetwo-yearclimatology. For thesouth-
ern Bay of Bengal (85Ü E-95Ü E, 5 Ü N-15Ü N), long-lived
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systemsof bothyears tendedto move south. As shown
in Fig.10,asecondmaximaof largecloudclusters(most
of themfrom 1988) occursnear(slightly north) of where
Star2 washeld.

It is probably only their degreeof organization and
sizethatmadethedisturbancesof Star2 unusual. Fig.24
shows a time-latitudeplot of thebrightnesstemperature
averaged over 85Ü E-90 Ü E for May, June,and July of
1999. Diurnal, southward-propagating convective activ-
ity canbeseento occur in all threemonths,but themost
pronounced activity occured in May during JASMINE
Star2. Earlycloudobservationsover theIndia landmass
report thatpre-monsoonconvectionin northeastIndia is
more intensethan the monsoonal convection (Ludlam
1980). The behavior during JASMINE may mirror the
behavior over land, and, theremay be a moreexplicit
connection:at leastoneof theStar2 events clearlyorig-
inatesover land (seeFig. 3d), a feature that was oth-
erwiseuncommonfor suchsoutherlytime clusters.The
convectiveintensitymayalsobeaidedby thepresenceof
mid troposphericdry air duringtheearlypartsof Star2
(cite[see][Fig. 9]Webster02b), whichcanincreasedown-
draft evaporation and thereby the intensity of the cold
pool(RedelspergerandLafore1988). Thiswouldbepar-
ticularly effectiveaftera period of suppressedactivity in
an environmentotherwisefavorableto convection(Re-
delspergeret al. 2002).

How do the JASMINE events relate to the distur-
bancessurveyed by Lau and Lau (1990)? They per-

formed a composite analysisof high 850 mb relative
vorticity eventsoccurring in the north endof the Bay.
DuringStar2, thedaily-averagedNCEP850mbrelative
vorticity maximawerehigh, ranging between22 to 49x
10ï�ð sï�ñ , andremainedin thenorthwestendof theBay.
Yet, the JASMINE eventsdoesnot follow the life cy-
cle of the “typical” disturbanceof Lau andLau (1990).
Their documentedgenerally westward propagationis a
net tendency, wherethe westward tendency associated
with theadvection of themeanabsolutevorticity by tran-
sientfluctuations is stronger thantheeastwardtendency
associatedwith theadvectionof vorticity fluctuationsby
thetime-meanflow (LauandLau1992). In theparticular
caseof May 21 to 26,1999, thedynamicalbalancemay
well differ from thatof themeanpicture.

8. Summary

This paper characterizes cloudinessand convection
over theBay of Bengalusing3-hourly satelliteinfrared
datafrom 1988 and1999. Percent-high-cloudinessis de-
fined usingtwo infraredbrightnesstemperature thresh-
olds,210K and235K, andthe life cyclesof very cold
clouds (T òôó 210K) aretracked.

The two years,1988 and1999, have meanPHCõhö:÷
andPHCõ ñoø amountsthatarefairly similiarbut theirspa-
tial distributionsare quite different. In 1988, the cold
cloudinessextendedfarthersouthandwaslesslocalized.
More largecloudsystemsoccurredin 1988thanin 1999
partly becausethe more southern cloud systemswere
morelikely to belarge. Thedifferentspatialandsizedis-
tributions of thecloudsystemsover watercoincide with
higher rainfall amountsovermainlandIndia in 1988than
in 1999. Both yearshadmostof their largesystemsoc-
cur in thefirst half of themonsoon.

The northwest sideof the Bay is a documentedsite
for muchconvective activity with significantimpactson
mainland Indianweather, andthisis wherethemaximum
PHCõ ñ8ø occurs. Herethecloudsystemsover waterand
sometimesover landarelarge andlong-lived. Theindi-
vidual cloudsystemsoftencontaina southwardcompo-
nentto their motiondespitebeingembeddedwithin pri-
marily northwest-moving larger-scaleactivity. The re-
gion around Pt. Palymrasis notablefor its very large
cloud clusters. Their diurnal cycle amplitude is pro-
nounced,with a maximum:minimum cloudarearatio of
about 10:1, andhelpsexplain why thestrongestdiurnal
cycle of the entire Bay occurshere. Cloud tops withù òúó 210 K show 6 A.M. to noonmaxima, andcon-
vectioninitiation timesareearlieranddissipationtimes
latercomparedto otherpartsof theBay. Thephasingof
convectiondiscussedin YangandSlingo(2001) andOh-
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FIG. 24. Time-latitudeplot of theinfraredbrightnesstemperatureaveragedover85î E-90î E for May throughJulyof 1999.Dark
line shows thepositionof theR/V RonBrown throughout JASMINE. Plotcourtesyof Dr. David Lawrence.

sawa et al. (2001), whereconvectionattainsits maxima
atalaterhour fartherawayfrom land,isalsodocumented
here.

Theeastsideof theBay hasmostof the rainfall, in-
deed,a maximum in globalrainfall in summer. Herethe
PHCõhö:÷ is amaximum, while thecloudsytems(T ò ó 210
K) tend to be small and short-lived, but relatively fre-
quent. The cloudsystemspossessa regular diurnal cy-
cle,with convectionbeginning offshorearound9 P.M. to
midnight, laterconvectionoccurring fartheroffshoreand
attaininga larger size,andthendecaying rapidlyaround
noon. Most of the systemsoccuronly in one3-hourly
image,so that the offshore propagationmostly consists
of dissipatingnear-shore systemsand initiating farther
offshore systems.Thephasing in

���
	 õhöh÷ is mostpro-
nouncedin theGulf of Martabanwherethediurnal cycle
is strongest. At the eastsideof the Bay, the prevailing
monsoonalflow is onshore ontocoastalmountains. Re-
sponsessuchas the upstreamblocking by pressure de-
celerationmechanismof (GrossmanandDurran1984),
and/or gravity wavesemanatingoff of thelandtopogra-
phy (Mapeset al. 2002) may well be active andcould
explain theobservedbehavior.

At thesoutherlylocationof JASMINE Star2 (89Ü E,
11Ü N), the multi-day sequenceof disturbanceson May
21-26, 1999 wasunusualbecausesucha sequenceonly
occurredoncein thetwoyearsof dataexamined. In other
respects,the stormswere consistentwith climatology,
with rainfall occurringatnight,asouthwardpropagation,
andlarge cloudcover.

Previous studieshave similarly tracked clouds for
land-only or ocean-only regions of theglobe(e.g., Chen
andHouze1997; Chenetal. 1996; Machadoetal. 1998;
MapesandHouze1993; MathonandLaurent2001). A
common result is that a relatively small number of the
cloudclustersgeneratesmostof thetotalarealcloudcov-

erage. From this observation, the conclusion is often
drawn that mostof the rainfall comes from a few large
systems.While this maybetrue for otherregions,over
theBayof Bengalmostof therainfall (asdeterminedus-
ing TRMM data)comesfrom thesmallersystems.Simi-
larly, we find cloudmotionsthatdiffer, ratherthanagree
with, larger-scalemovements. The unique conclusions
for theBayof Bengaldomain reflectthecomplexity of a
region thatcontains bothlandandwater.

We compared the resultsfor theBay of Bengal with
thoseof the tropical westernPacific openocean(Chen
andHouze1997). The most significantdifference oc-
cursin theinitiation timesof convection,with afternoon
initiation times occurring over the tropical openocean
(andland)versusnocturnal initiation timesover theBay.
Another differenceis thatadawn maximum existsfor all
cloud clustersover the Bay regardlessof size,whereas
the diurnal amplitude is negligible for the smallerclus-
tersover the tropical westernPacific. Both differences
demonstratethe stronginfluence of land on convection
occurring over the waterof the Bay. A land influence
is clearly evident in convectionoccurring roughly 500
km awayfrom land;fartheraway( � 1000 km), thediur-
nal cycle is moresubduedandmoretypical of theopen
ocean.

Thisstudyhasraisedmany questions.Thedifferences
betweenthe two yearsin the cold cloudiness location
andsizedistribution, meansthatconclusionsaboutwhat
is typical for theregion shouldbemadecautiously, and
shouldencouragefurther studyfor theregion. A break-
down into active andbreakphaseswould beinteresting.
Furtherinvestigation of thediurnal cycleusingdatawith
higher temporal resolution wouldbeinterestingaswould
modeling studiesof the land-seadynamic at particular
locations. The disturbancesof May 21 to 26, 1999 de-
serve furtherstudyaswell, towardsunderstandingwhy
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they werethe mostorganizedmulti-day convectionex-
periencedat thatlocationin thetwo yearsexamined.
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